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ABSTRACT

Pinnacle Engines, Inc., and researchers at Oak Ridge National Laboratory (ORNL) collaborated under the
DOE Small Business Voucher program to perform high-fidelity engine simulations of Pinnacle’s unique
opposed-piston engine. In addition to the opposed-piston architecture, Pinnacle’s design includes features
such as variable valve timing and compression ratio which provide the potential for improved
performance, efficiency, and emissions but also introduce many degrees of freedom in design and
operation. The impact and complex interactions of these design and operating parameters must be well
understood to direct and optimize the final design. Using DOE’s flagship supercomputing resource,
Titan, the team was able to perform an extensive set of numerical engine simulations to explore the
impact of these parameters on predicted engine performance. Based on the learnings from this study,
Pinnacle will build and experimentally evaluate a prototype engine for light-duty gasoline applications.

INTRODUCTION

Pinnacle Engines, Inc. has developed a unique, opposed-piston, four-stroke engine design with
reciprocating sleeve valves, variable valve timing (VVT), and continuously variable compression ratio
(VCR). The key features of this design are intended to provide potential for improved performance,
efficiency, and emissions when compared to conventional light-duty gasoline and diesel engine designs.
In particular, the opposed piston architecture incurs less heat loss and allows phasing motion of the two
pistons to maximize work extraction efficiency over the engine operating range. The VCR mechanism
allows smooth transition between high compression ratio operation at low engine loads to maximize
efficiency and low compression ratio operation at high loads to mitigate engine knock. The Pinnacle
design provides higher in-cylinder turbulence and unigque bulk motion mixture control enabling use of
high-efficiency, highly dilute, low-temperature combustion (LTC) approaches. Pinnacle’s first generation
110-cc lean-burn LTC engine has been demonstrated to provide significant improvements in
performance, efficiency, and emissions over existing comparable-sized engines on the market. Based on
this success, Pinnacle is developing a multi-cylinder, 1.2-L gasoline-engine for light-duty passenger
vehicles.

Under the DOE Small Business VVoucher program, Pinnacle Engines teamed with researchers at ORNL to
perform high-fidelity numerical engine simulations to better understand the impact of key design and
operating parameters on overall engine performance, efficiency, and emissions. A design of simulation
experiments (DoSE) was developed to sample the impact of a large number of design and operating
parameters such as piston crown shape, port design, exhaust gas recirculation (EGR) level, spark timing,
compression ratio, valve timing, engine speed, and engine load. Using metamodeling approaches, results
from the DoE simulations were used to develop response models for desired performance metrics such as
combustion phasing, efficiency, knock occurrence, emissions, etc. The number of simulations needed to
adequately cover the DoE and the level of detail needed for each simulation would require years of
compute time on conventional computing resources. The use of Titan, DOE’s flagship HPC resource,
enabled the team to perform 100s of parallel simulations and reduce the total computational time down to
a few months. Learnings from this effort are expected to help Pinnacle further improve the design of their
light-duty gasoline engine.

STATEMENT OF OBJECTIVES

The goal of this effort was to gain key insight into the impact of key design and operating parameters for
Pinnacle’s opposed-piston engine design on overall performance and emissions. This improved
understanding is expected to guide design and development of a 1.2-L gasoline engine. Specifically,



large ensembles of detailed computational fluid dynamics (CFD) engine simulations were performed on
the Titan supercomputer at ORNL to quickly complete a DoSE study consisting of over 1000 samples.
Results from this study will provide key insight to complex design interactions and sensitivities
accelerating the design process.

BENEFITS TO THE FUNDING DOE OFFICE’S MISSION

This project was supported under the DOE Small Business VVoucher program which enables American
small businesses to collaborate with National Laboratory researchers and access DOE’s world-class
technical resources to address critical technical challenges they face in development of their advanced
energy products. In addition, the work performed directly supports the DOE Vehicle Technologies Office
goals for accelerating the development of advanced transportation engines capable of meeting
increasingly stringent fuel economy and emissions regulations.

TECHNICAL DISCUSSION OF WORK PERFORMED BY ALL PARTIES

Through the partnership with ORNL under the DOE Small Business VVoucher program, Pinnacle Engines
was able to complete vital simulations to provide greater understanding of the impact and interactions of
key design and operating parameters enabling analysis-led design and development of their 1.2-L, 3-
cylinder, 4-stroke, dilute-combustion, spark-ignited gasoline, opposed-piston engine design (see Figure
1). Unique features of Pinnacle’s engine design provide potentially significant improvements in
performance, efficiency, and emissions compared to conventional gasoline engines. However, this design
also presents a large number of degrees of freedom in terms of design and operating parameters. The
impact and complex interactions of these parameters needs to be thoroughly understood to guide
development of a fully optimized design. The use of high-fidelity engine simulations in the design
process to supplement costly and lengthy experimental efforts requiring extensive hardware development
and modifications is vital for small businesses such as Pinnacle to become competitive in the
transportation sector.

For this effort, simulations were performed using a previously developed, high-fidelity model of the
Pinnacle engine concept using the commercially available CONVERGE™ CFD software package. An
extensive DoSE with over 1000 samples was developed targeting key design and operating parameters
including piston crown shape, port design, EGR level, spark timing, compression ratio, valve timing, etc.
To acquire the computing resources necessary to complete the simulation task, a Director’s Discretionary
project on Titan at the Oak Ridge Leadership Computing Facility (OLCF) was proposed and awarded
under OLCF’s ACCEL Industrial Partnership program. Results from the CFD simulations were used to
construct a set of low-order response models (or metamodels) mapping the response of key performance
metrics (such as combustion phasing and efficiency, cycle efficiency, occurrence of knock, emissions,
etc.). The low-order metamodels retain the fidelity of the higher-order CFD simulations but can be used
to rapidly explore a much wider range of design and operation options to accelerate design optimization.
A schematic overview of this process is shown in Figure 2.



Figure 1: Computer-aided design model of Pinnacle's 1.2-L, 3-cylinder, 4-stroke, spark-ignited, gasoline
opposed-piston engine.
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Figure 2. Design and control optimization using model-based preﬂzaiction [Banerjee, et al. (2018)].

A detailed overview of the work performed and the results obtained during this study was recently
published [Banerjee, et al. (2018)]. In summary, the following conclusions were drawn. The enhanced
in-cylinder mixing produced by the unique Pinnacle design enhanced dilution tolerance of LTC operation
and supports dilute gasoline combustion. Selection of certain key design parameters was confirmed to
enable manipulation of flame dynamics to improve combustion stability. Continuously variable



compression ratio enabled wider operating limits with enhanced performance through high compression
ratios for high efficiency cruise and low compression ratios to mitigate knock at high load conditions.

SUBJECT INVENTION

No subject inventions were developed during this effort.

COMMERCIALIZATION POSSIBILITIES

Pinnacle Engines, Inc., plans to bring their light-duty engine design to production by 2020 for natural gas
applications and by 2023 for gasoline applications.

PLANS FOR FUTURE POSSIBILITIES

Based on the learnings from this project, Pinnacle Engines is building a prototype engine to conduct
experimental testing and evaluation. Results from those efforts will inform further model refinements and
additional parameter studies. Additional potential efforts including analysis of cyclic variability have also
been discussed. Future pursuit of these potential efforts will be dependent upon available funding
opportunities.

CONCLUSIONS

Through this project under the DOE Small Business Voucher program in partnership with ORNL,
Pinnacle Engines was able to successfully perform over 1000 high-fidelity numerical simulations of their
opposed-piston engine. These simulations represent a detailed DoSE study to investigate the impact and
interactions of key design and operating parameters. Using the HPC resources of Titan, the simulations
(which would have taken years to complete on convention computing resources) were completed in under
one year enabling the results to inform and guide the design and development of Pinnacle’s prototype
gasoline engine.
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